Two copper (Cu) substrates were bonded using silver (Ag) and indium (In) and annealed at C to convert the joints into the solid solution (Ag) for enhanced strength and ductility. Cu-Cu pair was chosen so that the samples break in the joint during shear test. The upper Cu was electroplated with 15 lm Ag. The lower Cu was plated with 15 lm Ag, followed by In and 0.1 lm Ag to inhibit indium oxidation. Two designs were implemented, using 8 lm and 5 lm In, respectively. The Cu substrates were bonded at 180 C in 100 mTorr vacuum without flux. Afterwards, samples were annealed at 200 C for 1000 h (first design) and at 250 C for 350 h (second design), respectively. Scanning electron microscope with energy dispersive X-ray analysis (SEM and EDX) results indicate that the joint of the first design is an alloy of mostly (Ag) with micron-size Ag 2 In and (f) regions, and that of second design has converted to a single (Ag) phase. Shear test results show that the samples are very strong. The breaking forces far exceed requirements in MIL-STD-883 H standards. Fracture incurs inside the joint and is a mix of brittle and ductile modes or only ductile mode. The joint solidus temperatures are 600 C and 900 C for the first and second designs, respectively.
Introduction
In electronic industries, popular die-attach materials are silverepoxy, lead-free tin-based solders, and gold-tin (Au-Sn) eutectic [1] [2] [3] . Among them, the Au-Sn eutectic has the highest operating temperature of 172 C, which is usually taken at homologous temperature of 0.8. In the advance and market demand of hightemperature electronics, high-temperature device chips built on SiC and GaN-based semiconductors have demonstrated operating temperatures higher than 350 C. For example, the operating temperature of SiC power devices can go up to 465 C [4] [5] [6] [7] . To assembly theses chips on packages, high-temperature die-attachment materials are required. Based upon our literature search, the only thing available is sintered nanosilver paste [8] [9] [10] [11] [12] . This new bonding method is gaining ground in applications. In the sintering process, high pressure, such as 10 MPa or higher, is required to consolidate the sintered Ag and reduce pores. Research is being pursued to reduce the sintering pressure and temperature needed.
To produce high-temperature joints at low process temperature, we have studied various binary systems and turned to the silverindium (Ag-In) binary to design and develop the processes required [13] . For demonstration, we recently bonded 5 mm Â 5 mm Si chips to aluminum substrates using fluxless Ag-In design [14] . The bonding was performed at a low temperature of 180 C. The resulting joint consists of Ag/(Ag)/Ag 2 In/ (Ag)/Ag, where (Ag) is the solid solution. The solidus temperature of the joint is limited by the solidus temperature of Ag 2 In, which is 600 C. Of the six samples sheared during shear test, only two broke in the joint and the breaking force is 75 kg and 94 kg, respectively. The breakage incurred in the Ag 2 In compound layer and the fracture mode is brittle. The other four broke within Si chips and the actual strength of the joint could not be determined.
Since the Ag 2 In compound breaks in brittle mode, in this research, we investigated the possibility of converting the Ag 2 In compound layer into (Ag) after the joint is made. Postbonding annealing step is added to convert Ag 2 In into (Ag) by continuous reaction with nearby (Ag) and Ag regions. The joint structure of Ag/(Ag)/Ag 2 In/(Ag)/Ag is expected to turn into Ag/(Ag)/Ag after the conversion. As a result, the joint solidus temperature will increase from 600 C to at least 795 C [13] . Instead of bonding Si chips to Cu substrates, Cu chips are bonded to Cu substrates to ensure that the sample breaks in the joint during shear test. Some preliminary results were recently presented in a conference [15] . In the paper, we report more complete and conclusive analysis and results. In what follows, experimental design and procedures are presented. Experimental results are reported. A summary is then given. Figure 1 depicts the bonding structure design. Cu was chosen to bond to Cu so that the Ag-In joint would break during shear test. For convenience in distinction, the upper Cu is called Cu chip and the bottom one is called Cu substrate. The 12 mm Â 12 mm Cu substrates are cut from a 0.8 mm thick Cu sheet having 99.99% purity with mirror finish on one side. The Cu substrates are cleaned thoroughly by rinsing with acetone and de-ionized water to remove contaminations. Ag and In are electroplated sequentially on the Cu substrates. The backside of Cu substrates is painted with lacquer to prevent Ag and In deposition. The Ag plating solution is a cyanide-free, mildly alkaline at pH 10.5. The In plating solution is a sulfamate indium bath at pH 1-3.5. The bath temperature is room temperature for both plating solutions. The current density is 13 mA/cm 2 for Ag plating and 21.5 mA/cm 2 for In plating. After plating In layer on the 15 lm Ag layer, a 0.1 lm 1 thin Ag capping layer is plated over the In layer to suppress In oxidation. After plating, the sample is rinsed by de-ionized water and the lacquer on the backside of the Cu substrate is removed by acetone. The 10 mm Â 11 mm Cu chips follow the same cleaning process and are electroplated with a 15 lm Ag layer. The Cu chips and substrates are ready for fluxless bonding experiments. There are two designs, with indium thickness of 5 and 8 lm, respectively. Relatively thick Ag layer of 15 lm is chosen so that the In does not have a chance to reach Cu and react with Cu.
Experimental Design and Procedures
In the fluxless bonding process, the Cu chip is placed over the Cu substrate and held by a fixture with 200 psi static pressure to ensure intimate contact with a silicone buffer [16] . The assembly is mounted on the graphite platform in a vacuum furnace that is pumped to 0.1 Torr to suppress In oxidation during bonding. The platform is heated and the sample temperature is monitored by a miniature thermal couple. The bonding temperature is set at 180 C with a dwell time of 6-8 min. The heater is then shut off and the assembly cools naturally in 50 mTorr vacuum. It takes about 90 min to cool to room temperature. No flux is used. After bonding, we annealed the samples at 200 C for 300, 500, and 1000 h, respectively, to convert the Ag 2 In region of the joint to (Ag). A temperature of 200 C was chosen because it is more compatible with the surviving temperature of most devices. The samples are then cut in cross section to see the quality and compositions of the joints.
To evaluate the quality of the joints, SEM/EDX is employed to determine the chemical compositions, possible intermetallic structure, and microstructures of the samples. Six samples were put through shear tests to evaluate their breaking forces and fracture modes.
Experiment Results and Discussions
Two designs were implemented, with In layer thickness of 5 lm and 8 lm, respectively, shown in Fig. 1 . We started with In layer thickness of 8 lm, which is thus designated as the first design. When In is plated over Ag, it reacts with Ag to form AgIn 2 compound even at room temperature [17] [18] [19] . According to the Ag-In phase diagram in Fig. 2 , as temperature increases toward 180 C, the In layer melts at 156 C and AgIn 2 decomposes Table 1. 011006-2 / Vol. 136, MARCH 2014
Transactions of the ASME into Ag 2 In and (In) at 166 C, where (In) is the indium-rich molten phase [13] . The (In) phase wets and reacts with the Ag layer on the Cu chip to form Ag 2 In. When this happens, bonding is essentially achieved. The (In) phase continues to react with both Ag layers to form more Ag 2 In until the entire (In) phase is consumed. At this moment, the joint solidifies even at the 180 C bonding temperature because Ag 2 In does not melt until temperature reaches 600 C [13] . Figure 3 (a) displays the cross section optical microscopy (OM) image of a typical bonded sample before annealing at 200 C. It clearly shows that the sample is well bonded without visible voids. The reddish region is the Ag 2 In layer of the joint. A cross section backscattered SEM image is exhibited in Fig. 3(b) . The lighter gray region is the Ag 2 In layer, as confirmed by EDX. This Ag 2 In region matches that in the OM image. Figure 3(b) also provides the EDX analysis with seven locations marked "1"-"7." The results are presented in Table 1 . Three phases are clearly observed: Ag, (Ag), and Ag 2 In. Here, the Ag 2 In layer is 15 lm in thickness. It is interesting to note that (f) phase, where "Ag 3 In" on its Ag-rich boundary is not detected even though it is presented in the phase diagram, Fig. 2 .
To convert the Ag 2 In region in the joint to (Ag), more samples were produced using the same bonding conditions. These samples were followed by annealing in an oven at 200 C for 300 h. Figure 4 (a) exhibits the cross section OM image of a sample taken from the batch. Slight reddish zone still shows up, indicating that Ag 2 In is still in the joint. Figure 4(b) shows the SEM image of the joint with seven locations marked, where EDX data are presented in Table 2 . Only three phases, (Ag), (f), and Ag 2 In, were identified. Pure Ag was not there anymore. Locations 2 and 5 are thought to be (f) based on the composition and the phase diagram. To achieve complete conversion of Ag 2 In into (Ag), the remaining samples were annealed at 200 C for additional 200 h for a total annealing time of 500 h. Fig. 3(b) Layer on Fig. 3(b C for 1000 h, and (f) EDX data of layers shown in (e) marked "1"-"7" and the results are given in Table 3 .
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MARCH 2014, Vol. 136 / 011006-3 with possible small patches of (f). The remaining samples were annealed at 200 C for additional 500 h for a total annealing time of 1000 h. Figure 4 (e) shows the cross section OM image of a sample. The slightly reddish Ag 2 In region is still in the joint. Figure 4 (f) displays the cross section SEM image with locations marked for EDX analysis and results are presented in Table 3 . Small patches of Ag 2 In and (f) are detected in the joint. According to the Ag-In phase diagram, the solidus temperature of the joint is 600 C which is limited by the Ag 2 In phase. After this severe annealing at 200 C for 1000 h, the samples are still strongly bonded. Shear test results will be reported shortly. Samples bonded with other materials except sintered silver are likely to have failed after this annealing condition [11] .
To convert the Ag 2 In region of the joint to (Ag) completely, the second design was initiated and implemented, as indicated in Fig. 1 . The In thickness is reduced from 8 lm to 5 lm and the Ag thickness has no change. Thinner indium layer results in thinner Ag 2 In. This increases the silver composition gradient from silver layers toward Ag 2 In region and thus enhances the diffusion rate. The annealing condition was raised from 200 C to 250 C to shorten the annealing time. Bonded samples were annealed at several annealing times and studied to examine complete conversion of Ag 2 In into (Ag). Figure 5(a) shows the cross section OM image of a sample after annealing at 250 C for 350 h. The joint is still bonded well between the Cu chip and Cu substrate. The reddish zone associated with Ag 2 In is gone, suggesting complete Ag 2 In to (Ag) conversion. Figure 5 (b) exhibits the cross section SEM image of the sample, where high quality joint is clearly observed. In Fig. 5(b) , the EDX analysis was also performed with 10 locations marked "1"-"10." These results are presented in Table 4 . All locations measured exhibit the composition of (Ag). The annealing process has successfully converted the Ag 2 In region of the joint into (Ag). As the result, the joint has only one phase, i.e., (Ag). The Ag composition in (Ag) is higher than 94 at. %. According to the Ag-In phase diagram, the solidus temperature of this (Ag) is 900 C. It is worth mentioning that samples bonded with other die-attach materials except sintered silver could not have survived this annealing process [11] .
The shear test experiment is now presented. Six samples from the first design, i.e., 8 lm In, annealed at 200 C for 1000 h and seven samples from the second design, i.e., 5 lm In, annealed for 350 h at 250 C were fabricated for shear testing. For the firstdesign samples, the sample was mounted on the stage. A tool wedge pushed 10 mm-wide edge of the Cu chip of the sample at a constant speed of 350 lm/s [20] . Figure 6 lists the breaking force and fracture mode. The breaking force ranges from 178 to 200þ kg. Two samples did not break at a force of 200 kg which is the maximum force available from the shear tester. According to military standards MIL-STD-883H method 2019.8, a breaking force higher than 5 kg passes the die shear test. Thus, all six samples far exceed the requirement specified in MIL-STD-883H. Figure 7 (a) displays the SEM image of the fracture surface after shear test. The fracture appears to be a mixture of brittle and ductile modes. Quantitative fracture evaluation is underway by tensile test of bulk samples.
For the second design, the samples were sent to Tianjin University (Tianjin Key Laboratory of Advanced Joining Technology and School of Material Science and Engineering, Tianjin University, Tianjin, China) for shear test because the tester over there can better handle the shape of our samples. Figure 6 presents the testing results. The breaking force ranges from 61 to 165 kg. According to military standards MIL-STD-883H method 2019.8, the breaking force of all samples far exceeds the requirement specified in MIL-STD-883H. Figure 7(b) shows the SEM image of the fracture surface. The fracture also appears to be a mixture of brittle and ductile modes. Quantitative fracture evaluation is also underway using tensile test.
It is worth pointing out that the breaking force of the firstdesign samples is significantly higher than that of the seconddesign samples (Fig. 6) . The joint of the first-design sample consists of mostly (Ag) phase with small regions of (f) and Ag 2 In compound. Thus, the joint is an alloy of three phases. The joint of Table 2 EDX data on cross section of the sample of first design shown in Fig. 4(b) Layer on Fig. 4(b Table 4 .
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Transactions of the ASME the second-design samples consists of only the (Ag) phase. The breaking force data seem to suggest that an alloy joint is stronger than a single (Ag) phase joint. This is a preliminary assessment. Further investigation is required to confirm it.
Summary
Advances in semiconductor technology have demonstrated device chips that achieve operation temperature as high as 465 C [4] [5] [6] [7] . To put these chips into operations, they have to be bonded to a substrate or package and wired. The resulting joint must have high enough solidus temperature. Among all common die-attach materials, only sintered nanosilver and Au-Sn alloys with Au composition higher than 85 wt. % can meet this aim.
In this research, we looked into the Ag-In system and developed fluxless low-temperature processes to produce high-strength and high-temperature joints between two Cu substrates. After Table 4 EDX data on cross section of the sample of second design shown in Fig. 5(b) Layer on Fig. 5(b bonding at 180 C, the samples were annealed at 200-250 C to alter the compositions and microstructures to increase the solidus temperature, the strength, and ductility. Two designs were experimented with. For the first design, the samples were annealed at 200 C for 1000 h. The joint solidus temperature is at least 600 C. Of the six samples sheared, the breaking force ranges from 178 kg to 200þ kg. The shear tester could not break two of the six samples. These results far exceed the 5 kg requirement in military standards MIL-STD-883H method 2019.8. The fracture incurs inside the joint. The joint structure is an alloy of mostly (Ag) solid solution embedded with micron-size (f) and Ag 2 In regions. For the second design, the samples were annealed at 250 C for 350 h. Seven samples were sheared and the breaking force ranges from 61 to 165 kg which far exceeds the requirement in military standards. Fracture also incurs inside the joint. The joint consists of only (Ag) phase with Ag composition higher than 94 wt. %. The solidus temperature is 900 C. For either design, the samples break in a mix of brittle and ductile modes or ductile mode only.
The research results have shown that high-strength and hightemperature joints can be manufactured using fluxless lowtemperature processes with the Ag-In system. Compared with the Au-rich Au-Sn alloy bonding technique that results in Au composition between 90 and 95 wt. %, this method is much more affordable because the price of Au is 60 times of Ag. Compared with sintered nanosilver technique, this method is less expensive because the manufacturing cost of nanosilver paste is very high, about 5Â of Ag cost. One gram of nanosilver paste in production quantity costs 5Â of the market value of Ag. Accordingly, the technology reported here should be valuable in developing hightemperature packages.
